The basis for the discordant expression of this de novo mutation in the twins was investigated by studying their X inactivation status. Analysis of the inactive X specific methylation at the androgen receptor gene showed unbalanced inactivation in the twins' fibroblasts and in opposite directions. While the maternally derived X chromosome was preferentially active in the asymptomatic twin, the paternal X chromosome was active in the other, affected twin and was found in her hemizygotic nephew. These data suggest that the paternal X chromosome carries the de novo a-galactosidase A mutation and that uneven X inactivation is the underlying mechanism for disease expression in this novel female MZ twin pair. This is the first documented case of female twins discordant for Fabry disease.
Abstract
We describe two female monozygotic (MZ) twins heterozygous for Fabry disease, an X linked disorder resulting from the deficient activity of ax-galactosidase A. While one of the twins was clinically affected, the other was asymptomatic. Enzymatic assay of a-galactosidase in blood leucocytes, skin fibroblasts, Epstein-Barr virus transformed lymphoid cell lines, and hair follicles of the twins and their parents confirmed the heterozygous status of the twins and indicated that Fabry disease had occurred as a result of a de novo mutation. The son of the unaffected twin sister was shown to be hemizygous. Molecular analysis of the a-galactosidase A gene permitted the identification of an as yet undescribed point mutation at position 10182 of exon 5 which causes an Asp to Asn substitution at codon 231. Single strand conformation polymorphism (SSCP) analysis again showed the heterozygous status of the twins and a normal pattern in their parents. The basis for the discordant expression of this de novo mutation in the twins was investigated by studying their X inactivation status. Analysis of the inactive X specific methylation at the androgen receptor gene showed unbalanced inactivation in the twins' fibroblasts and in opposite directions. While the maternally derived X chromosome was preferentially active in the asymptomatic twin, the paternal X chromosome was active in the other, affected twin and was found in her hemizygotic nephew. These data suggest that the paternal X chromosome carries the de novo a-galactosidase A mutation and that uneven X inactivation is the underlying mechanism for disease expression in this novel female MZ twin pair. This is the first documented case of female twins discordant for Fabry disease.
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In female mammals, compensation for sex differences in the dosage of most X chromosomal genes occurs during early embryogenesis through X inactivation.'"3 This phenomenon results in selective, irreversible inactivation of either the maternal or the paternal X chromosome of each somatic cell. Since X inactivation occurs at random and is maintained in all daughter cells, females exhibit a mosaic pattern of expression of X linked genes, each X chromosome being active in about half of all somatic cells. However, if one X chromosome is predominantly inactivated in a female heterozygous for an X linked trait, this may lead to severe manifestation of the X linked disorder.
Such a situation can be observed in female monozygotic (MZ) twins who are heterozygous for an X linked disorder. In all the pairs (22) of heterozygous identical female twins published so far,"7 there was discordant expression of the disease, that is, only one twin was clinically affected, which is interpreted as the consequence of skewed X inactivation in opposite directions in each of the MZ twins. Since expression of an X linked disorder in both female twins has never been described, an interrelation between twinning and X inactivation has been postulated. 5 hours' incubation, half of this medium was replaced by fresh medium supplemented with cyclosporin A and the culture was continued as previously described.'8 Lymphoid cells and skin fibroblasts were grown in a humidified 5% CO2 atmosphere at 370C in RPMI 1640 medium (Gibco BRL, Cergy-Pontoise, France) supplemented with L-glutamine (2 mmol/l), penicillin (100 U/ml), streptomycin (100 jglml), and heat inactivated fetal calf serum (10%), as previously reported.'9 Cells were harvested by slow speed centrifugation and washed three times with PBS. Cell pellets were kept frozen at -70°C until use.
ENZYME STUDIES a-Galactosidase activity was assayed in extracts of peripheral blood leucocytes, cultured skin fibroblasts, and Epstein-Barr virus transformed lymphoid cells in the presence of 4-methylumbelliferyl-a-D-galactopyranoside as previously described.'9 a-Galactosidase A activity was specifically determined20 using heat stability assays or in the presence of ax-Nacetylgalactosamine. ax-Galactosidase activity was also measured on single hair roots as previously reported21 22; hair root activities were expressed as a ratio of cx-galactosidase/phexosaminidase. The activity of ,B-hexosaminidase was determined as described previously. '6 19 22 DNA ANALYSES Preparation ofgenomic DNA Fibroblast and lymphoid cell pellets were suspended in 1 ml of lysis buffer (10 mmol/l Tris-HCl, pH 8, 100 mmol/l NaCl, 1 mmol/l EDTA, 1% SDS) with proteinase K (200 gg/ml) and incubated overnight at 56°C.
Genomic DNA was extracted with phenolchloroform (two cycles), precipitated with ethanol, and resuspended in deionised water for amplification by the polymerase chain reaction (PCR interpretation of the X inactivation status only when perfectly random or almost 100% skewed patterns are obtained.26 Fig 5A shows the various alleles in the Fabry twins' fibroblasts. PCR without previous HhaI digestion was also performed on lymphoid cells from the parents and the affected child. The alleles in the undigested samples were of approximately equal intensity. Methylation patterns of the twins were determined by comparing the intensity of the paternal and maternal alleles in samples that had been digested with the restriction endonuclease. A skewed methylation pattern in opposite directions was apparent in the fibroblast DNA samples from the twins (fig 5A) . In one twin (11.2) , the ratio of paternal:maternal alleles after HhaI digestion was 0:100 while this ratio was 97:3 in the other twin (11.3) . From this methylation pattern, it can be concluded that the paternal X chromosome is preferentially active in the Fabry diseased twin and that the maternal X chromosome is active in the unaffected sister. Since the X chromosome active in the affected twin (II.2) and the Fabry hemizygote (III.2) is of paternal origin, our data also suggest that the de novo mutation occurred in the twins' father.
In contrast to fibroblast samples, analysis of DNA extracted from lymphoid cell lines of the twins did not show opposite inactivation patterns, but a slightly preferential inactivation of the maternal X chromosome in both twins ( fig 5B) . These data are in good agreement with the ca-galactosidase activity levels measured in the two types of cells ( ously noted,4 it appears that concordant expression of (at least seven) X linked disorders in MZ female heterozygotes has never been reported. This finding has led to the postulation that MZ twinning events and uneven X inactivation are connected.3 4 8 9 Indeed, if X inactivation occurred independently in each female MZ twin, creation of opposite patterns of non-random X inactivation would be unlikely. Accordingly, it seems that X inactivation precedes MZ twinning, and that predominant inactivation of the normal X in one of the twins frequently accompanies the twinning process. One possible mechanism for nonrandomness would be the asymmetrical splitting of the inner cell mass.'" 47
